components that appear to vary in their expression profiles between closely related 3 2 butterfly species, highlighting the importance of genome-wide regulatory evolution 3 3 between species.
have been described at pattern switch genes responsible for butterfly wing pattern 1 5 polymorphism, including in the diverse neotropical genus Heliconius, but the 1 6
identities of the factors that can regulate these switch genes have not been identified.
7
Results 1 8
We investigated the spatial transcriptomic landscape across the wings of three closely profiles in different morphs or species (see Table 1 ). These factors feed in to the 1 0 8 regulation of the wing pattern switch genes and shape their expression profiles 1 0 9 accordingly, for example in Heliconius the transcription factor optix (B), which 1 1 0 causes scale cells that would otherwise develop to be melanic to express 1 1 1 ommochrome pigments (C). It is also possible that changes to the expression of wing 1 1 2 pattern switch genes like optix could be caused by changes in expression of 1 1 3 prepatterning factors (D). al., 2018 , Gallant et al., 2014 , Wallbank et al., 2016 , Van Belleghem et al., 2017 . We 1 2 5
hypothesize that these candidate regulatory elements allow for regulatory coupling to 1 2 6 upstream patterning transcription factors in the wing. In order to understand the 1 2 7 upstream spatial information that provides an input to butterfly wing patterning, we 1 2 8
need to understand spatial patterns of gene expression in the developing wing, 1 2 9
building on a primarily gene-by-gene, candidate driven approach, as in many previous 1 3 0 studies which have primarily used factors known from Drosophila wing development 1 3 1 (Table 1 ). In particular, these data help us determine which transcription factors show 1 3 2 consistent spatial expression profiles in different species and are therefore candidate 1 3 3 constituents of a conserved developmental landscape, and which transcription factors 1 3 4
show variable patterns and are therefore candidates for the causative regulators of 1 3 5 pattern differences. In addition, following on from the discovery that WntA is a key constituents. We identified 52 Wnt pathway constituents in the genomes of our three 3 0 6
species (Table S5 ). Expression profiles were split into three groups based on 3 0 7 similarity. In H. erato pupal wings, most Wnt pathway genes showed a very similar in the other two species, despite strong convergence in pattern between the two 3 5 7
Heliconius species studied. Recent work has shown genome-wide selection on 3 5 8 regulatory elements at the between-population level in Heliconius (Lewis and Reed, 3 5 9 2018), and it is likely that in the ancestral linages of each species, many functional 3 6 0 changes could be accrued that would lead to many differences in patterns of gene 3 6 1 expression in the wing. forewing proximal-distal axis and hindwing anteroposterior axis in pupal wings. We 3 7 0
identified an additional cohort of transcription factors with non-conserved expression 3 7 1
profiles between the three studied species; many more of these factors had shared 3 7 2 expression profiles between H. melpomene and erato than between Agraulis and 3 7 3
Heliconius. The two Heliconius species are more closely related to one another, but are also convergent in their wing patterns, so we cannot currently disentangle whether 3 7 5
the share expression patterns are due to common ancestry or are convergent due to 3 7 6 shared selection pressures. Others were different in all three species, implying 3 7 7
developmental drift, or a lack of constraint, on the regulation of these factors. Such 3 7 8
factors have the potential to act as the substrate for functional diversification.
3 7 9
hth implicated in mimetic pattern evolution 3 8 0
One of the most strongly and consistently differentiated transcription factors was hth, 3 8 1
and we therefore followed up on the expression patterns using immunohistochemistry.
8 2
This confirmed that the hth protein shows a conserved pattern of expression restricted was localized to scale cell nuclei, and spatial patterns were tightly correlated between 3 8 7 the two factors. In contrast, butterflies lacking the dennis patch showed a conserved 3 8 8 expression of hth, but no correlated expression of optix. hth a candidate regulator of 3 8 9 optix in dennis+ butterflies. A possible mechanism for the evolution of the dennis 3 9 0 pattern is therefore that an optix regulatory region gained transcription factor binding 3 9 1 sites for hth, allowing the development of a novel pattern without the requirement for results. Future analyses of the dennis regulatory element will be required to 3 9 7
determine the precise mechanisms of interaction with upstream regulators.
9 8
Wnt pathway variance implies different functions 3 9 9
Variance in WntA expression in correlation with wing pattern has previously been 4 0 0
shown in many butterfly clades, including between races and species of Heliconius, 4 0 1 and in Agraulis (Martin and Reed, 2014, Martin et al., 2012) . We found that other 4 0 2
Wnt pathway constituents also vary in their expression domains between species. form their perch in a J shape and then pupate. Larvae that were post-locomotion but 4 6 8
pre-J-shape were dissected in cold PBS and the wing discs removed.
6 9
Pupae were allowed to develop until 36h (+/-1.5h), or to 60h (+/-1.5h was achieved using default parameters (Figure 3.4 2)).
1 6
Determining homology 5 1 7
Homology between differentially expressed genes in the three species was determined 5 1 8
in two ways. First, a small percentage of genes have been assigned homologs by 
2 9
Immunohistochemistry 5 3 0
Pupae were dissected 60-80 hrs after pupation in chilled PBS, or at an estimated 12hrs 
3
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